Differentiating the relative importance of catchments and reservoirs in driving water quality in impounded rivers is challenging because water quality reflects the integration of peak events (e.g., rainfall-driven inflows) and longer-term processes (e.g., sediment remineralization of nutrients). We examined water quality in several subtropical reservoirs following extreme summer rainfall and associated inflows to determine short-and longer-term implications in terms of reservoir vulnerability to poor water quality and blooms of cyanobacteria, as reflected by the Vulnerability Index (VI), a previously described index validated under low-flow conditions. The reservoir with the highest VI, Wivenhoe, had the highest concentrations of total suspended solids, phosphorus (total and dissolved inorganic fractions), and nitrate/nitrite following the event, whereas the reservoir with the lowest VI, Cooloolabin, had the lowest concentrations. This suggests that vulnerability to poor water quality during major inflows is driven by suspended solids and nutrients, with the VI being a robust measure irrespective of inflow conditions. By contrast, phytoplankton-related measures, including cyanobacteria proportions, in Wivenhoe were not higher than in Cooloolabin, possibly due to reduced water residence times and increased light attenuation (shallower Secchi depth) preventing bloom establishment. This finding contrasts with low-flow summers when reservoirs with the highest phytoplankton biomass align with those with the highest VI and suggests that short-term vulnerability to poor water quality associated with peak events is not driven directly by phytoplankton. While inflows increase nutrients and suspended solids, biotic responses appear delayed, highlighting the challenges of linking catchment-derived nutrient loads to phytoplankton responses in event-driven systems.
Introduction
Catchments degraded by human activities, including agriculture, mining, and urban development, increase the export of land-derived nitrogen (N), phosphorus (P), and sediment to receiving waters (Carpenter et al. 1998 , Syvitski et al. 2005 , particularly following heavy rainfall. As a result of sediment trapping by reservoirs, however, the modern, annual global sediment flux to the world's oceans is estimated to be lower than the prehuman flux (Syvitski et al. 2005) . Globally, reservoirs are also typically sinks for N and P (Bosch and Allan 2008 , Harrison et al. 2009 .
Catchment-derived inputs to receiving waters promote eutrophication and are considered a key factor in the contemporary expansion of phytoplankton bloom incidence (Carpenter et al. 1998 , Smith 2003 , Schindler 2006 , Carney 2009 ). Cyanobacterial blooms in particular have been linked to nutrient enrichment in receiving waters with long residence times and stratification (Xu et al. 2010 , O'Neil et al. 2012 , Romo et al. 2013 
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Inland Waters (2015) 5, pp. [240] [241] [242] [243] [244] [245] [246] [247] [248] [249] [250] [251] [252] in determining the composition and dynamics of phytoplankton assemblages, however, including catchment land use type, extent and intensity (McGregor and Fabbro 2000 , Burford et al. 2007 , Leigh et al. 2013 , waterbody shape (Wetzel 2001) , reservoir management, and water level fluctuations (Katsiapi et al. 2011, Zohary and Ostrovsky 2011) , along with seasonality (e.g., warmer seasons marking growth periods) and climate-driven variation in river inflows (Harris and Baxter 1996 , Davis and Koop 2006 , O'Neil et al. 2012 , Leigh et al. 2013 .
In subtropical reservoirs, a range of summer phytoplankton and nutrient measures have been shown to correlate with both catchment and reservoir characteristics, specifically the percentage of cattle-grazing land cover ("rangelands"), reservoir volume, reservoir volume to catchment area ratio, reservoir shoreline to surface area ratio, and age since dam wall construction (Leigh et al. 2010a) , reflecting relationships between land use, reservoir morphology, and reservoir water quality demonstrated in other parts of the world (e.g., Jones et al. 2004 , Nielson et al. 2012 . Together these characteristics can successfully predict, by way of a composite index, the comparative vulnerability of reservoirs to seasonal poor water quality and cyanobacterial blooms (Leigh et al. 2010a (Leigh et al. , 2010b . The incorporation of reservoir age into the vulnerability index (VI) is particularly useful because it allows reservoir vulnerability to be projected through time and the vulnerability of new or planned reservoirs to be compared against existing reservoirs. The potential effect on water quality of altered land use or infrastructure upgrades that change reservoir size and shape can also be projected. To our knowledge, however, the predictive ability of the VI has only been examined during low to average rainfall years (non-event periods).
Subtropical and tropical regions can experience heavy rainfall during summer, providing an opportunity to differentiate the effects of peak events, such as reservoir inflows, and longer-term internal reservoir processes on water quality, and hence to assess the performance of the VI. In this study, we hypothesised that high rainfall and subsequent extreme summer inflows to reservoirs would increase sediment and nutrient loads, most noticeably in reservoirs with the highest VIs, reflecting the most degraded catchments. Additionally, we hypothesised that because inflows would likely increase horizontal advection and reduce water residence times (essentially flushing the reservoirs) but also increase light attenuation, phytoplankton measures such as biomass and cell density would be lower than under more typical (lower) inflow conditions. Thus, water quality measures such as nutrients and sediments would reflect, in large part, catchment effects, while phytoplankton measures would reflect internal processes.
Study sites
The 7 reservoirs examined in this study (Baroon Pocket, Cooloolabin, Hinze, Leslie Harrison, North Pine, Somerset, and Wivenhoe) are drinking water reservoirs managed by Seqwater in southeast Queensland, Australia (Fig. 1, Table 1 ). They are mesotrophic to eutrophic and are warm monomictic, undergoing thermal stratification during the austral summer. Natural bushland and pastoral activities (mainly cattle grazing) are the dominant land cover and land uses in the catchments, with the catchment of Wivenhoe reservoir having by far the highest percentage of grazing land cover (67%). Cooloolabin and Wivenhoe reservoirs are, respectively, the smallest and largest reservoirs in terms of water storage capacities, surface areas, and catchment areas. Leslie Harrison is the shallowest and Hinze the deepest.
Methods

Study design: sampling periods
This study combines data we collected from the 7 reservoirs in February 2011 (Inflow-Summer 2011) Leigh et al. 2010a) . One month prior to the Inflow-Summer 2011 period, major inflows to the reservoirs had occurred in association with widespread flooding across the entire study region resulting from extreme heavy rainfall during the 2010−2011 austral spring-summer (NCC BOM 2011, Leigh et al. 2014) , whereas the previous sampling periods were associated with low to medium rainfall and inflow conditions (Burford et al. 2007 , Leigh et al. 2010a ).
Field sampling and laboratory analyses
We collected samples from each reservoir during the Inflow-Summer 2011 and Winter 2011 periods at dam wall, mid-reservoir, and upstream locations (Table 1) following methods outlined in Leigh et al. (2010a) . We measured water temperature (°C), electrical conductivity (specific conductance at 25° C; µS cm ) once at the surface and once at the bottom of the water column at each location using a multiparameter sonde (YSI 6920, Yellow Springs, OH, USA). Secchi depth (m) was measured once at each location before using a modified PVC pipe-sampler to collect duplicate 3 m depth-integrated samples of surface water to later determine via laboratory analyses mean concentrations of chlorophyll a (Chl-a, µg L (APHA 2005) . In the field, all samples to be analyzed for dissolved nutrient concentrations were filtered through 0.45 μm pore-size membrane filters (Merck Millipore, Billercia, MA, USA) and a subsample of one of each of the surfacewater duplicates was fixed with Lugol's iodine solution (0.6% final concentration) to later identify and count phytoplankton taxa (cells mL ) to species level, where possible, under 400× phase-contrast microscopy using a Sedgewick Rafter cell (Lund et al. 1958) . Enumeration for each taxon ceased when 26 units (with a minimum of 3 squares) or 50 squares on the cell were counted, whichever was reached first (Hötzel and Croome 1999) . Phytoplankton biovolumes (mm 3 L −1
) were determined following standard methods (Hillebrand et al. 1999, Hötzel and Croome 1999 Burford et al. 2007 , Leigh et al. 2010a , although TSS concentrations were not determined in 2005. We report total phytoplankton and total cyanobacteria as biovolumes (mm 3 L −1
), but also as densities (cells mL −1 ) because previous research on these reservoirs has shown a high correlation between densities and both catchment land use and the VI (Burford et al. 2007 , Leigh et al. 2010 a, 2010b ; prior to the present study, relationships between the VI and biovolumes were not invesitgated. We also calculated the proportion of total phytoplankton that consisted of cyanobacteria. It is difficult to accurately determine the contribution of phytoplankton to TSS; however, following rainfall, TSS is typically dominated by soil particles from the region's highly eroded catchments (Saxton et al. 2012 ).
Data analysis
The VI is a comparative index of summer vulnerability to poor water quality and cyanobacteria blooms. It is unitless, ranges from 0 (least vulnerable) to 1 (most vulnerable), and is calculated using 5 variables previously identified as predictive indicators of long-term water quality in subtropical reservoirs (Leigh et al. 2010a (Leigh et al. , 2010b ; Table 1 ): VI = (proportion cattle-grazing land cover + shoreline perimeter length to surface area ratio at full supply capacity + volume at full supply capacity + volume at full supply capacity to catchment area ratio + age since dam completion)/5
Prior to calculation of the VI, the component variables are log transformed when necessary to reduce skew, then all 5 variables are standardised so that their highest value = 1 and their lowest value = 0.
We Anderson et al. 2008) to determine the amount of variation that the VI could explain in selected groups of response variables based on measures taken from surface waters (groups 1-5) or surface and bottom waters (groups 6-8): (1) total phytoplankton, (2) total cyanobacteria, (3) proportion cyanobacteria, (4) Chl-a, (5) Secchi depth, (6) TSS, (7) TN and TP, and (8) NO 3 + NO 2 , NH 4 , and FRP. We refer to response variable groups 1-4 as phytoplankton measures and 5-8 as other water quality measures. Data were transformed when necessary to meet assumptions of the analysis; the log transformation was applied to density and biovolume data, Chl-a, TSS, TN, and TP; and the arcsine squareroot transformation was applied to cyanobacteria proportions.
To investigate relationships among phytoplankton composition, sampling periods, and the VI, we performed a Leigh et al. 2010a ), a comparative index of vulnerability to poor water quality and summer blooms of cyanobacteria, calculated for the 7 reservoirs based on their age ( in years) in 2011 (see Methods for detail). 
Results
Heavy rainfall prior to the extreme events of Inflow-Summer 2011 was concentrated during October and December 2010 and January 2011 (NCC BOM 2011), well exceeding the regional 30 year rainfall means for these 3 months ( Fig. 2 ; 50-200 mm, 100-200 mm, and 100-300 mm, respectively; Australian Bureau of Meteorology, http://www.bom.gov.au/climate/data/). Rainfall in the catchments of Wivenhoe and Cooloolabin, the 2 most distinct reservoirs in the study region in terms of their physical dimensions (Table 1) , ranged from ~220-281 mm in October 2010 to ~540-860 mm in January 2011 (Fig. 2) . By contrast, rainfall in the months leading up to the Summer 2005 and Summer 2009 sampling periods was either below or similar to the 30 year means (Fig. 2) . Unfortunately, estimates of inflow volumes and water residence times were unavailable for most reservoirs and sampling periods, in part because the extremity of the January 2011 event inactivated the flow-gauging stations; however, estimates for Somerset and Wivenhoe reservoirs indicate that ~4 times their volume was exchanged over the few weeks of the 2011 event period, whereas under typical conditions water residence times are likely to be on the order of several months to years (K. O'Brien, University of Queensland, 2013, unpubl. data; Table 2 ). The comparative vulnerability of reservoirs to poor water quality and cyanobacteria blooms was stable among sampling periods; Wivenhoe had the highest VI and Cooloolabin the lowest, with Baroon Pocket having a mid-range value (Fig. 3) . The VI, however, only explained a small amount of variation in phytoplankton measures during Inflow-Summer 2011 compared with that explained during Summer 2005 and Summer 2009 (Fig. 4) . By contrast, the amount of variation in phytoplankton measures explained by the VI during Inflow-Summer 2011 was most similar to that explained during Winter 2011 (Fig. 4) , which is considered the low-growth season (Burford and O'Donohue 2006) . The amount of variation in TSS and dissolved nutrient concentrations explained by the VI during Inflow-Summer 2011 was higher than during the other summer periods but similar to that explained during Winter 2011 (Fig. 4) . For Secchi depth, the amount of variation explained by the VI during Inflow-Summer 2011 was similar to that explained during the other summer periods, while the variation explained in total nutrient concentrations did not follow patterns seen in the other variables (Fig. 4) .
Water temperature, dissolved oxygen, and pH within reservoirs were comparable among the summer sampling periods (Appendix S1); conductivity, however, was much lower during the Inflow-Summer 2011 than during Summer 2005 and Summer 2009, likely reflecting the high inflow volumes received by reservoirs during January 2011. TSS and nutrient concentrations in bottom waters were similar to or higher than in surface waters (Appendix S2); subsequent figures show surface water concentrations only. TSS and nutrient concentrations, particularly TP and FRP, generally increased with the VI, and among sampling periods were most often the highest during Inflow-Summer 2011 (Fig. 5) . Densities and biovolumes of total phytoplankton and cyanobacteria also tended to increase with the VI (Fig. 6) ; however, phytoplankton measures, including total phytoplankton densities and cyanobacteria biovolumes and proportions, as well as Secchi depth, were generally lower during Inflow-Summer 2011 than other summers, particularly for the reservoirs with the highest VIs (Fig. 6) . Fig. 7 ; Chl-a and total phytoplankton densities not shown but followed patterns in total biovolumes and cyanobacteria densities, respectively; see also Fig. 6 ).
Phytoplankton composition of samples was strongly differentiated between sampling periods, with samples from Inflow-Summer 2011 and Winter 2011 grouping together and separately from the other summer periods in Bray-Curtis ordination space, primarily along PCO axis 1 (which explained 21.6% of the total variation; Fig. 8 ). PCO axis 1 was strongly and positively correlated with the proportion of cyanobacteria, including potentially toxic species, in samples and negatively with the proportion of diatoms (Spearman correlation coefficients between 0.54 Consistent patterns of increase or decrease in Secchi depth and TSS and nutrient concentrations were observed across the reservoirs with the lowest, intermediate, and highest VIs (Cooloolabin, Baroon Pocket, and Wivenhoe, respectively) regardless of sampling period (Fig. 7) . As the VI increased, TSS and nutrient concentrations (particularly TP and FRP) tended to increase, whereas Secchi depth decreased (Fig. 7) . Patterns in concentrations of FRP, NO 3 + NO 2 and TN (not shown) followed those of TP (Fig. 7) . By contrast, while phytoplankton measures including total phytoplankton biovolumes and densities, cyanobacteria densities, and Chl-a followed patterns of increase across the 3 reservoirs from lowest to highest VI during Summer 2009, Wivenhoe and Cooloolabin had and 0.65 in absolute value; Fig. 8 ), indicating that the phytoplankton communities of reservoirs during Inflow-Summer 2011 and Winter 2011 had lower proportions of cyanobacteria and C. raciborskii but greater proportions of diatoms than during the other summers. PCO axis 2 explained a further 14.5% of the variation and differentiated the composition of samples of high VI-scoring reservoirs (e.g., Somerset, Wivenhoe, and North Pine) from low VI-scoring reservoirs (e.g., Cooloolabin). The VI was strongly and positively correlated with PCO axis 2 (Spearman correlation coefficient = 0.74), which was also correlated positively with nutrient concentrations (particularly TP), total phytoplankton biovolume, and the proportion of diatoms in samples, and negatively with Secchi depth (Spearman correlation coefficients between 0.57 and 0.74 in absolute value; Fig. 8 ).
Discussion
This study shows that, following record-breaking rainfall across the study region and subsequent extreme inflows to reservoirs, nutrient and suspended solids concentrations correlated strongly with the VI (Leigh et al. 2010a) , an index developed and originally validated under low to average rainfall conditions. Phytoplankton measures, however, were less indicative of the VI during the extreme inflow period than under more typical summer conditions. In subtropical Australia, reservoirs receive massive inputs of sediment and nutrient from catchments during episodic, unpredictable, and high-magnitude inflows that occur following extreme summer rainfall , Leigh et al. 2013 . Studies on fallout radionuclides in the study region have shown that channel erosion from gullies and banks in the catchments is the major source of sediment in downstream waters, including reservoirs (Wallbrink 2004 . During heavy rainfall and associated inflows there is also net movement of labile dissolved and fine particulate P as well as N from catchment soils and channel sediments downstream into Wivenhoe (Kerr et al. 2011a , 2011b , Garzon-Garcia et al. 2014 , the reservoir with the highest VI in the study region. Although research indicates that both N and P are required to stimulate phytoplankton blooms in the reservoirs (Muhid et al. 2013 , Burford et al. 2014 , the increase in light attenuation associated with suspended sediment inputs during summer inflows is likely an additional and important factor regulating bloom formation. Even during non-event summers, the euphotic depth in many of these reservoirs is typically shallower than the surface mixed layer, identifying light as a key limiting factor for phytoplankton growth , 2007 , O'Brien et al. 2009 ). During extreme summer inflows, this factor is likely exacerbated, acting to reduce phytoplankton biomass and inhibiting cyanobacterial bloom formation.
For at least 2 of the reservoirs, Somerset and Wivenhoe, ~4 times the volume of each reservoir was flushed during the 2011 event (K. O'Brien, University of Queensland, 2013, unpubl. data) . The resulting annual water retention times for these reservoirs was substantially lower (0.2-0.3 yr) than in previous years when water residence times were typically 1 to 2 orders of magnitude higher (Table 2 ). This finding suggests that flushing effects of the extreme inflows likely contributed, in addition to light-limitation effects, to the reduced phytoplankton biomass and the diminished dominance by cyanobacteria measured in these reservoirs in 2011 relative to previous summers.
While our findings therefore substantiate those of Leigh et al. (2010a) , who showed that subtropical reservoirs can be ranked in terms of their water quality and vulnerability to past and future summer blooms of cyanobacteria based on catchment and reservoir characteristics, we also show that extreme inflows play a role in driving water quality and phytoplankton responses in these systems. In degraded catchments where rainfall promotes erosion processes and the transport of nutrients downstream, summer conditions with more typical inflow volumes than those of summer 2010-2011 are likely associated with an immediate response (increase in phytoplankton density, biovolume and biomass), but when extreme inflows occur the response may be delayed. We propose that the delayed response is in part due to high suspended solids concentrations reducing light availability (e.g., Beaver et al. 2013 ) and in part due to the flushing of phytoplankton cells out of reservoirs during overflow (e.g., Harris and Baxter 1996 , An and Park 2002 , Vanni et al. 2006 . We therefore propose that the low phytoplankton densities and biovolumes measured immediately following the extreme inflows reflect a temporary phenomenon; for instance, Harris and Baxter (1996) found that reduced phytoplankton biomass occurred for only 3 months on average after individual storm events in a subtropical reservoir. We suggest that in our study systems, internal processes such as sediment remineralization of ammonium and phosphate, coupled with autumn overturn, will eventually make event-delivered nutrients (originally sourced from the catchment) available for phytoplankton growth and the development of cyanobacterial blooms in subsequent summers. This prediction is consistent with a study of blooms in a Korean reservoir (An and Park 2002) in which water residence times of <8 d, as a result of monsoonal inflows, had a negative effect on phytoplankton biomass despite an increase in phosphorus input loads. As water residence times increased, however, phytoplankton biomass increased.
The effect of reduced water residence time is particularly marked on cyanobacterial dominance (Elliott 2010) . Research shows that high-VI reservoirs in our study region are dominated by cyanobacteria, particularly during the summer months (Burford and O'Donohue 2006 , Leigh et al. 2010a . One of the dominant species is the toxic diazotroph C. raciborskii, the biovolumes of which we found reflective of the whole cyanobacterial community. This species gains a competitive advantage via flexible strategies in response to N and P fluctuations, the ability to regulate buoyancy, and adaptation to low light conditions , O'Brien et al. 2009 ). Many cyanobacteria grow slowly, however, in particular C. raciborskii, typically with a doubling time of about 5 d (Muhid et al. 2013 , Burford et al. 2014 . Under typical conditions in the study reservoirs when water residence times are >1 year (Table 2 ), slow growth rates do not prevent dominance. Under high inflow conditions when reservoirs are rapidly flushed, cyanobacteria are likely to be negatively impacted in terms of absolute numbers and biomass and in terms of relative dominance compared with other faster growing groups, including diatoms (e.g., Fig. 8 ). Such phenomena are not unique to our study systems but have been observed in lakes and reservoirs elsewhere, in the subtropics and beyond (e.g., Elliott 2010 , O'Farrell et al. 2012 .
In summary, this study found that the VI remained a robust measure of water quality even under extreme inflow conditions, driven by differential increases in TSS and nutrients across reservoirs, but not phytoplankton measures. The VI clearly reflects higher phytoplankton biomass in higher VI reservoirs during summers with below-average or medium inflows, indicating that phytoplankton measures are longer-term integrators of water quality. The VI is therefore a useful measure of both shortand long-term processes that drive water quality in impounded rivers.
